Atomic resolution protein structures can be determined by MicroED from crystals that surpass the theoretical maximum thickness limit by an order of magnitude.
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Introduction
Electrons interact with matter more strongly than X-rays and offer a larger fraction of useful, elastic scattering events to inelastic scattering events (1) . These properties are leveraged by the cryoEM method, MicroED, for structure determination at atomic resolution from nanoscale protein crystals (2) . With this method, diffraction is measured from protein nanocrystals in a frozen-hydrated state (3) using a low dose electron beam (typically ~0.01 e -Å -2 s -1 ) (4) (5) (6) . Crystals are continuously and unidirectionally rotated in the beam while diffraction images are collected as a movie on a fast detector (7) . A number of previously unknown as well as known structures have been determined by this method to atomic resolution (8) .
The strong interaction between electrons and materials also allows for multiple scattering events to take place before electrons exit the specimen (9) . According to dynamical scattering theory (10) , multiple scattering events produce inaccuracies in the recorded reflections, potentially preventing the solution of structures. Simulations suggest that with crystals thicker than 50-100 nm (11, 12) dynamical scattering can be severe, resulting in nearly random intensities, where the relationship between the intensity and structure factor no longer holds true (10) . However, these simulations assume diffraction is recorded from a perfect and stationary crystal -real macromolecular crystals are not perfect. In fact, precession electron diffraction can avoid many of the artifacts associated with dynamical scattering from near perfect crystals of inorganic material by pivoting of the electron beam around the crystal (13) .
Similarly, by employing continuous rotation MicroED (7) , useful diffraction is routinely collected from protein crystals hundreds of nanometers thick (14) . Even 1.5 μm-thick crystals of lysozyme were shown to produce diffraction that when integrated produced reasonable statistics (2) . Moreover, recent structures determined by ab initio methods to 1Å resolution further indicate that the diffraction intensities obtained by continuous rotation MicroED are accurate and maintain the relationship between amplitude and phase (4, 15) .
Here we systematically investigate the relationship between crystal thickness, dynamical scattering and the quality of structure solutions obtained by MicroED. We determine ab initio structures of a segment from the β 2 -⍺ 2 loop of human prion protein in the amyloid state as well as the structure of proteinase K by molecular replacement from crystals up to a micrometer thick.
Results
A comparison of structures determined from thin and thick crystals of a segment
of the β2-α2 loop of human prion protein. As a model system for evaluating the effects of crystal thickness on diffraction intensities, we use a segment from the β2-⍺2 loop of human prion protein (hPrP) that contains a glycine residue at its amino terminus (sequence GSNQNNF), hereafter referred to as hPrP-β2⍺2, for MicroED structure analysis from crystals that vary in thickness. The crystals of this segment appear as micrometer-long needles and vary in thickness from several nanometers to over a micrometer. Seven data sets originating from thin crystals were collected and combined to yield a reference data set that was 80.3% complete in P1 with constants {a, b, c} (Å) = {4.86, 14.11, 18 .41}, and angles {α, β, ɣ} ( o ) = {90.00, 93.71, 101.21}. A second data set was constructed from 7 thick crystals between 500 nanometers and one micrometer thick, that were combined to yield a 75.6% complete data set with the same space group and unit cell dimensions as above. Thin and thick crystal structures were determined ab initio by direct methods using SHELXT (16) (See SI Methods) and refined to atomic resolution using BUSTER-TNT (17) showing clear atomic density (Figure 1) . Refinement statistics for hPrP-β2⍺2 are presented in Table 1 .
The structure of hPrP-β2⍺2 represents a prion protofilament with amyloid features. The protofilament is a class 2 steric zipper, composed of parallel, face-to-back beta sheets (18). One pair of sheets makes the protofilament, as observed with other amyloid structures (15, 18) . At this resolution, the density shows hydrogen atoms as well as the presence of zinc and acetate ions that facilitate crystallographic contacts; both were present in the crystallization condition (Figure 1) . Structures from both thick and thin crystals show clear densities for waters in the 2F o -F c map and have multiple hydrogens appearing in the F o -F c density at the 3 σ level (Figure 1) . The appearance of resolvable hydrogens in electron diffraction was first reported for proteins by Rodriguez et al. (15) and later by Palatinus (19) for small molecules. Our ab initio solutions from thin and thick crystals are very similar, with a backbone RMSD of 0.07 Å and an all-atom RMSD of 0.09 Å (Figure 1) . In summary, we found no significant differences between structures determined from thin and thick crystals of hPrP-β2⍺2.
A comparison of structures determined from thin and thick crystals of a globular protein.
We collected MicroED data from single ~500 nm and ~1 µm-thick crystals of proteinase K (SI Figure 2, SI Figure 3 ) and determined structures from each.
Reflections were recorded to a resolution of 1.8 Å in both cases yielding 97% completeness for the 500nm crystal and 79.7% completeness for the 1 µm thick crystal.
Data were reduced in XDS (20) and phased by molecular replacement using the atomic coordinates of PDBID 5i9s as a search model (21). Structures were refined using phenix.refine (22) with a high-resolution cutoff of 2.0 Å and 3.0 Å, respectively (Table 1; Figure 2 ). As the single, ~1 micrometer thick crystal structure had poor statistics, its data were merged with data gathered from three additional crystals of proteinase K; each of these also ~1 µm thick (SI Figure 4, SI Figure 5 ). The structure from the four combined data sets was determined again using the same search model now to a resolution of 2.5 Å with better overall statistics (Table 1, Figure 2) . A comparison of the resulting structures with the molecular replacement search model indicate good agreement with lower than 0.25Å all atom RMSD. In summary, we found no significant differences between structures determined from thin and thick crystals of proteinase K.
Systematic study of the effects of crystal thickness on MicroED data quality.
Diffraction was measured from 19 crystals of hPrP-β2⍺2 with thicknesses ranging from ~100 nm to ~1100 nm over similarly-sized wedges of reciprocal space corresponding to a real-space angular range of approximately -30 o to +30 o (SI Table 1 ). Data for all comparisons was indexed and integrated using XDS (20). Estimation of crystal thickness is discussed at length in SI Materials. Briefly, average crystal thickness is estimated by measuring the projected area from images recorded at 0 o and 60 o tilt, and the aspect ratio fit to an idealized model. These geometrical estimates were corroborated by intensity ratios using camera counts as previously described (14, 23) and are in good agreement (Si Figure 6 ). Crystal images are presented in SI Document 2. To assess the quality of diffraction data, we compare R values (R meas ), the ratio of intensity to variance (I/σI), and the half-set correlation coefficient (CC 1/2 ). All measured data values and statistics are presented in SI Table 1 . Measured R values for these 19 crystals show a mean value of 13.03% with a standard deviation of 2.4%; average I/σI values average 4.1 with a standard deviation of 0.91. The half-set correlation coefficient is on average 98.2% with a standard deviation of 1.4%. The structure factor amplitudes for these 19 crystals were compared to the hPrP-β2⍺2 structure solution from thin crystals discussed above. The correlation coefficient between the solved model and the individual crystals is shown in Figure- Absorption by protein crystals. The data presented above indicates that dynamical scattering does not inhibit structure solution by MicroED even from micrometer thick crystals when data is collected by continuous rotation. However, we note that the achievable resolution was lower from thick crystals compared to thin crystals (Figure 1,2 and Table 1 ). To evaluate whether absorption from thick crystals is limiting the achievable resolution, we recorded electron energy loss spectroscopy (EELS) spectra from 11 crystals of hPrP-β2⍺2 and 10 crystals of proteinase K with thicknesses ranging from ~100 nm to ~1400 nm at 300kV (Figure 4) . Control spectra were recorded from regions of empty carbon support or within grid holes (SI Document 3). Each image was aligned by principal component analysis and a line scan through the zero-loss peak was measured along the first principal component. Intensities for the zero-loss peaks show expected exponential decay (9) . A significant energy loss was observed for the carbon support alone with transmitted beam intensity decreasing by more than 40% (SI Document 3). An exponential fit to the data (Figure 4 ) suggests that the attenuation length, or (1/e) loss of intensity, due to a carbon film would be ~87 nm at 300kV. However, the (1/e) loss from crystals of proteinase K and hPrP-β2⍺2 are 261 nm and 323nm, respectively, at 300kV. Our estimates of the actual carbon thickness are about 45nm using intensity ratios (SI Figure 6 ), in good agreement with previous findings on these grids (24). Thus even after accounting for the carbon film support, our estimates are very close to the mean free path of water at 300kV, found experimentally to be 336nm (25, 26). This data suggests that even a three-fold decrease in intensity due to absorption is insufficient to prohibit structure solutions by MicroED for micrometer thick macromolecular crystals at 300kV; the achievable resolution drops quickly near or beyond this thickness limit.
Discussion
These data indicate that accurate data can be collected and structures can be reliably determined by MicroED from crystals an order of magnitude thicker than previously expected. Simulations have suggested that structure determination by MicroED would be inhibited by dynamical scattering events from crystals only ~50-100nm thick (11, 27) .
Here we show that protein structure solutions can be obtained from substantially thicker crystals than simulated limits suggest for both globular proteins and peptides using both molecular replacement and ab initio methods, respectively.
High quality structure solutions can be obtained for both hPrP-β2⍺2 and proteinase K regardless of data originating from thin crystals or crystals nearly one micrometer thick.
Clear atomic density in the 2F o -F c map of hPrP-β2⍺2 reveals hydrogen atoms and the presence of zinc and acetate ligands as well as ordered water molecules. Multiple hydrogens are apparent in the F o -F c density at the 3 σ level (Figure 1) . Likewise, the density for proteinase K is of high quality with well-defined density in both the σweighted difference maps and the SA composite omit maps for data obtained from thin (<200nm), intermediate (~500nm) and thick (>1000nm) crystals. Thickness does not prevent data collection, integration, or structure determination from these crystals.
The initial structure solution for proteinase K determined by MicroED (5i9s) was refined to a resolution of 1.75 Å from merged data of four thin crystals (20). Our present models from single crystals of ~500nm and ~1000nm thickness are determined to 2 Å and 3Å resolution, respectively. We credit this difference in resolution to increased absorption as demonstrated by our EELS analyses from thicker crystals. Together these results indicate that the achievable resolution can be limited by thick specimens. However, merging data from multiple thick crystals yielded in improved statistics and therefore improved resolution, indicating that absorption phenomena can be overcome to some extent by increased redundancy in measurements. Thicker protein crystals are ultimately limited in resolution by absorption.
Why the discrepancy between the experimental data presented here and the limits found in previous simulations? The inherent difficulty of performing simulations requires assumptions of experimental conditions that fail to capture the complexity of MicroED experiments. Specifically, simulations assume that crystals are perfect, all the electrons are scattered and data is recorded from stationary crystals from major zone axes (11, 28 ). These conditions are often encountered in crystals of small molecules such as inorganic compounds in material science and from two-dimensional (2D) protein crystals, but are rarely encountered in macromolecular crystallography using 3D protein crystals and MicroED protocols (29). Crystals of macromolecules are highly mosaic compared with those of simple organic compounds or inorganic crystals.
Macromolecular crystals are imperfect and bent at the nanoscale. MicroED data from highly mosaic crystals benefits from their disorder in analogy to the pivoting of an electron beam in precession electron diffraction. Moreover, MicroED data is collected by continuous rotation so integration over the rocking curve further curbs dynamical effects. Our results confirm that dynamic scattering is not a major problem in solving protein crystal structures, and that dynamic scattering effects do not increase linearly with crystal thickness. However, the question of why significant artifacts are not observed from multiple scattering still remains, and requires further study.
The fact that multiple scattering artifacts do not limit structure determination in MicroED is especially surprising for crystals thicker than ~300nm, where the crystalline thickness easily exceeds the mean free path of an electron at either 200 or 300kV (Figure 4) (25, 26, 30) . For these crystals, few electrons are transmitted through the crystal without any interaction with the specimen. At very high thicknesses the diffraction spots begin to widen due to energy loss. Larger spots make crystals with many atoms per unit cell difficult to measure and may give poor statistics as a large fraction of scattering will be reduced by absorption. Integrating large broadened spots from crystals with large unit cells may result in spot-overlap and other complications that may limit the achievable resolution; we have yet to encounter this problem. The largest protein determined to date by MicroED is catalase at ~240kDa and even with such a large unit cell and peak broadening, spot overlap was not observed and did not hinder structure determination (14) . While broadening of diffraction spots can be curbed using an energy filter, this comes at the cost of reducing the transmitted signal. Nonetheless, use of an energy filter could improve signal to noise in MicroED experiments and the influence of thick crystals with large unit cells on diffraction quality remains to be further investigated.
In determining protein structures from crystals up to 1 micrometer in thickness using both ab initio phase retrieval and molecular replacement, we demonstrate that MicroED experiments are ultimately limited by absorption effects and crystal quality. At present, we estimate crystals ~500nm or thinner maximize data quality (~2x mean free path for 200kv), but structures from thicker crystals are not necessarily precluded. In fact, our results from even thicker crystals provides confidence that observed diffraction can be free of multiple scattering artifacts in a typical continuous rotation MicroED experiment, even from micrometer thick protein crystals.
Concluding Remarks
We demonstrate that MicroED yields accurate diffraction intensities, and that structures can be determined by molecular replacement or ab initio methods from protein crystals much thicker than previously suggested. Our data demonstrates that, as with X-ray diffraction, dynamical scattering is not a prohibitive source of error when MicroED data is collected on protein crystals by continuous rotation. Instead, absorption phenomena limit the achievable resolution in a way that can be curbed by merging multiple data sets. We suggest a stringent upper bound on crystal thickness of about one micrometer on MicroED experiments and a soft upper bound of about 500nm to ensure high-quality diffraction with the best possible resolution; these limits are not imposed by dynamical scattering, but instead by absorption. Our study expands the usefulness of MicroED as a general method for structure determination to atomic resolution from specimens up to a micrometer thick, opening new avenues of research that may broadly impact structural biology.
Materials and Methods
Protein preparation. hPrP-β2⍺2 with greater than 98% purity was purchased from Genscript, dissolved in water at 10-20mg/ml and screened by the hanging drop method in a high throughput screen. Initial hits were optimized in 24-well hanging drop trays.
The best crystals were observed in a condition containing 10% (w/v) PEG-8000; 0.1M MES pH 6.0; Zn(OAc) 2 . This condition was used as the basis for a batch crystallization of the peptide at 10 mg/ml at a 1:1 ratio of peptide solution to mother liquor. In this condition, crystals grew as needle clusters that could be broken by force of pipetting and applied to grids for cryopreservation. Proteinase K (E. Album) was purchased from Sigma and used without further purification. Crystals were grown by adding 5 µL of protein solution (50 mg/ml) to 5 µL of precipitant solution (1.5 M ammonium sulfate, 0.1 M Tris pH 8.0) in a sitting drop vapor diffusion tray. Large proteinase crystals were collected from sitting drops and sonicated into smaller crystals as previously described (4) . Second, The geometrical approximation of crystal thickness above was validated by using intensity ratios as previously described (2, 14, 26) . Each crystal from the hPrP-β2⍺2 set in Figure- Line scans of width 1 pixel were selected through the zero-loss peak along the principal loss axis, and shifted such that their peak intensities were located at an energy loss of 0 eV. Thickness for crystals used in spectra were determined as described above. Zero-loss peaks were fit to a general Gaussian model of I=a*e -b(x-c)2 to determine peak maxima and integrated peak intensity. Data points were weighted by the square root of their intensities for the fitting to assure proper solutions. Zero-loss peak intensity was fit to a general exponential decay model with the intercept fixed to the normalized value of the vacuum peak as in Figure-4 . Exponential fits to the experimental data for the carbon film, proteinase K, and hPrP-β2⍺2 protein crystals resulted in R 2 residuals of 1.0, 0.85, and 0.88, respectively.
MicroED Data Processing.
Diffraction movies were converted to the SMV file format using TVIPS tools (31) and checked for pixel truncation as previously described (21).
Indexing and integration were performed in XDS (20, 32). Integrated diffraction intensities were sorted and merged in XSCALE. Merged intensities were converted to amplitudes and the files formatted to SHELX format in XDSCONV. Thick and thin hPrP-β2⍺2 were solved using SHELXT, placing all of the atoms in the unit cell correctly (33).
SHELXT supported the hypothesis of P1 crystallographic symmetry (16). Intensities for proteinase K were input directly from XSCALE into Phaser for molecular replacement MicroED experiments suggested by simulatins is given as a dashed horizontal line (10) . Table-1 
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